Abstract-Lead-free K 0.5 Na 0.5 NbO 3 /Bi 0.5 Na 0.5 TiO 3 (KNN/ BNT) films have been fabricated by a composite sol-gel technique. Crystalline KNN fine powder was dispersed in the BNT precursor solution to form a composite slurry which was then spin-coated onto a platinum-buffered Si substrate. Repeated layering and vacuum infiltration were applied to produce 5-µm-thick dense composite film. By optimizing the sintering temperature, the films exhibited good dielectric and ferroelectric properties comparable to PZT films. A 193-MHz high-frequency ultrasonic transducer fabricated from this composite film showed a −6-dB bandwidth of approximately 34%. A tungsten wire phantom was imaged to demonstrate the capability of the transducer.
I. Introduction
F erroelectric materials such as lead zirconate titanate (PZT) have been widely used for piezoelectric device applications such as actuators and ultrasonic transducers. In the field of medical imaging, the market share of ultrasound imaging is expected to gradually increase because its resolution and cost-effectiveness compare favorably with X-ray, cT, and magnetic resonance imaging. High-frequency ultrasound has many clinical applications including visualizing blood vessel walls, anterior segments of the eye, and skin [1]- [3] . In response to the need for increased resolution, much effort has been made toward the development of medical ultrasonic transducers with operating frequency greater than 100 MHz; because the piezoelectric films have to be made with thickness less than 20 µm, this remains a challenge following more than a decade of study [4] - [8] .
In recent years, several processes such as aerosol deposition [9] , [10] , screen-printing [11] , composite sol-gel [12] , [13] , and ink-jet printing [14] have been studied to reach this thickness range without compromising the piezoelectric properties in comparison to those of bulk materials. among these techniques, the composite sol-gel process first developed by Barrow et al. [15] has received much attention because this method not only possesses the advantages of sol-gel method, i.e., good control of film stoichiometry, low production cost, and low annealing temperature, but can also produce thick layers in the range of 1 to 50 µm without cracks by adding ceramic powder to reduce the stress within the composite thick film. several researchers have successfully fabricated dense and crack-free PZT composite thick films for high-frequency ultrasound transducer applications [16] - [18] . although PZT with composition close to morphotropic phase boundary (MPB) offers very strong piezoelectric activity, the use of this lead-based material has caused serious environmental problems.
currently, extensive research studies on lead-free systems with a perovskite-type structure, such as (K 0.5 na 0.5 ) nbo 3 (Knn)-based and bismuth sodium titanate (Bi 0.5 na 0.5 )Tio 3 (BnT)-based ceramics have produced much progress. The Knn-based ceramics exhibit a high curie temperature T c (above 400°c) and large electromechanical coupling factors (k 33 = 0.51 to 0.6, k p = 0.35 to 0.50) [19] . The BnT family shows strong ferroelectricity with a relatively large remnant polarization of ~38 µc/ cm 2 [20] . Thus, both materials are promising candidates for actuator and high-power applications, and also for medical ultrasonic imaging applications. recently, leadfree Knn 0-3 composite using Knn fine powder dispersed in a sol-gel precursor solution has been considered for high-frequency transducer application. However, the high cost of the Knn precursor solution prepared from expensive niobium ethoxide may limit the applications of the Knn thick film. Thus, BnT precursor solution, with its good ferroelectric properties and low cost, can be an alternative for use as the matrix of the composite film. The electrical properties of Knn/BnT thick films derived by composite sol-gel technique and their performance for use as ultrasound devices are rarely reported.
In this work, we combine these two lead-free ceramics by blending the fine crystalline Knn powder into the BnT precursor solution to form a homogeneous 0-3 composite slurry, followed by spin-coating. To improve the film density, vacuum filtration is used during the deposition process. The thermal treatment has been optimized to achieve better dielectric and ferroelectric properties of the film. The performance of a high-frequency ultrasonic transducer fabricated with this lead-free film was also demonstrated.
II. Experimental

A. Fabrication and Characterization of KNN/BNT Thick Film
Knn powder by a conventional solid-state reaction method. The raw powder mixture was ball-milled in anhydrous ethanol at 400 rpm for 4 h, and pressed into disks for calcination at 1000°c for 4 h. To obtain fine Knn powder, the calcined ceramic blocks were crushed and ball-milled at 400 rpm for 7 h. The precursor solution of BnT was synthesized by sol-gel process using bismuth nitrate pentahydrate, tetrabutyl titanate, and sodium acetate as the raw materials, 2-methoxyethanol as the solvent, and acetylaceton as the chelating agent. To compensate for the loss of na and Bi during thermal treatment, an excess amount of 10 mol% sodium acetate and 2 mol% bismuth nitrate pentahydrate were introduced. In this work, the composite slurry was prepared by mixing BnT solution of 0.45 M in concentration and Knn powder with the powder-tosolution ratio of 0.4 (wt%). The Knn/BnT composite films were deposited on (111) Pt/Tio 2 /sio 2 /si substrate by spin coating. a two-stage pyrolysis sequence, consisting of a 3 min heat treatment at 150°c followed by another at 410°c for 10 min, was applied in a rapid thermal process furnace to drive out the solvent and decompose the organic compounds. To increase the film crystallinity, the composite films were annealed at greater than 650°c for 3 min. In this work, three annealing temperatures (650, 700, and 750°c) were used to investigate the effect of the annealing temperature on the film properties. To improve the film density, a vacuum infiltration process [21] with BnT precursor solution was applied after each coating of the Knn/BnT composite film. This procedure was repeated until film thickness of ~5 µm was achieved.
The particle size distribution of the Knn powder was measured by a BT-9300H laser particle size analyzer (BT-9300H, Bettersize Instruments ltd, china). The crystallographic properties of Knn/BnT composite films were analyzed by X-ray diffractometry (Xrd). The morphology of the composite films was observed by field emission scanning electron microscopy (FE-sEM). The chromium/ gold (cr/au) electrode with dimension of 0.5 × 0.5 mm 2 was deposited on the top surface of the annealed film by sputtering at room temperature. The dielectric properties were measured using an agilent 4294a impedance analyzer (agilent Technologies, santa clara, ca). The polarization-electric field hysteresis loop of the composite films was measured by a modified sawyer-Tower circuit. all measurements were conducted at room temperature.
B. Fabrication and Evaluation of Transducer
Knn/BnT thick film transducers were built using a silicon etching process [22] and conventional transducer technology [5] . Fig. 1 shows the fabrication procedure for the high-frequency needle transducer with the composite film as active element. First, a very lossy conductive epoxy (E-solder 3022, Von roll Isola Inc., new Haven, cT) with an acoustic impedance of ~6 Mrayl was applied to the film as the backing material by centrifuged casting. after curing at room temperature overnight, the backing layer was lapped down to 1 mm thick. The sample was then diced along the thickness direction into small posts with dimensions of 0.25 × 0.25 mm. The film with the support of the backing layer was removed from the si substrate without any damage by wet etching the substrate in 20% concentrated KoH solution at 80°c for 5 to 10 min. a lead wire with a diameter of 0.1 mm was connected to the backing layer using conductive epoxy. The Knn/ BnT element was fixed into a steel needle housing using epoxy. after the epoxy had set, a cr/au layer was sputtered across the active element and the needle housing to serve as the grounding. a 1.5-µm-thick parylene layer was vapor-deposited on the front face of the transducer to serve as an acoustic matching layer and also as a protection layer. The final transducer was housed in an sMa connector as shown in Fig. 2 for poling and pulse-echo measurement. To induce the piezoelectric response of the composite element, the sample was heated to 115°c and an electric field of 210 kV/cm (about two times the coercive field) was applied for 10 min. The sample was diced into 0.25 × 0.25 mm posts and the substrate was removed by dipping in KoH solution at 80°c. step 3: a lead wire was connected to the backing layer using conductive epoxy. The element was inserted into a polyimide tube and was then fixed into the housing of a steel needle using epoxy. step 4: a cr/au electrode was sputtered across the Knn/BnT composite element and needle housing to form the ground plane connection. Vapor-deposited parylene (1.5 µm thick) was used to coat the aperture and the needle housing. The finished transducer was housed in the sMa connector as shown in Fig. 2 .
The performance of the transducer was evaluated in deionized water by a pulse-echo arrangement [5] . The transducer was connected to a Panametrics model 5910r pulser/receiver (Panametrics ndT, Waltham, Ma), and excited by an electrical impulse with 200 Hz repetition and 50 Ω damping. an X-cut quartz plate was used as a target. The testing distance is in the far-field region of the transducer. The reflected waveform was received and digitized by a 1-GHz lc534 lecroy oscilloscope (lecroy corp., chestnut ridge, ny) with 50 Ω coupling. The math feature on the oscilloscope was used to display the fast Fourier transform (FFT) of the received waveform. The center frequency and the −6-dB bandwidth were determined from the measured frequency spectrum.
To assess the axial and lateral resolution of the transducer, a series of tungsten wires with diameter of 6 µm (california Fine Wire co., Grover Beach, ca) was imaged using the pulse-echo setup described previously. The experimental setup is schematically illustrated in Fig 3. The remote amplifier portion of the Panamatrics 5910r set at 30.5 dB gain was used along with 12-bit data acquisition board (Gage applied Technologies, lockport, Il) working at the sampling rate of 400 MHz. Piezoelectric actuators (Inchworm, Burleigh Inc., Fishers, ny) were used to scan the wire across the transducer sound field with a step size of 2 µm. The amplified rF waveforms were acquired at each step by the lc534 and then used to form an image offline. The −6-dB resolutions of the transducer were then measured from the axial and lateral line spread functions for the recorded wire image.
III. results and discussion 0.92 µm; the larger particles d 97 and smaller particles d 03 are 1.23 µm and 0.64 µm, respectively, which is in agreement with the FE-sEM observation. a riverbed cracking is observed which is caused by vertical cracks. Excessive cracking may lead to electrical and mechanical isolation in the areas of the film, resulting in poor performance. Generally, such cracking arises as the film thickness increases because the ceramic particles within the gel are no longer able to move to accommodate shrinkage induced by the removal of organic solvent. This causes the internal tensile stress to increase until the bonding between the individual particles is disrupted. Because this composite film exhibits good dielectric and ferroelectric properties, as discussed in detail below, the low degree of cracking achieved in these films indicates that the two-stage pyrolysis sequence enables good rearrangement of the ceramic particles.
The ferroelectric hysteresis loops of the composite films with different annealing temperatures were measured and the results are presented in Fig. 6 . saturated hysteresis loops are observed when the electric field is increased to ~800 kV/cm. By increasing the annealing temperature, both remnant polarization P r and coercive field E c increase because of the improvement of the film crystallinity, as confirmed by the Xrd analysis. Based on our preliminary study, similar results were observed in pure BnT thick films. The dielectric constant and dielectric loss of the composite films were also measured by an impedance analyzer. Table I summarizes the ferroelectric and dielectric properties of the composite films annealed at different temperatures. For comparison, pure BnT film annealed at 750°c was also prepared and its properties were measured. The performances of pure Knn film and PZT 0-3 composite sol-gel films reported in the literature [12] , [13] , [22] , [23] were also included. It can be seen that ferroelectric and dielectric properties can be improved by annealing the composite film up to 750°c. In comparison with pure Knn film and BnT film, the Knn/BnT composite film shows intermediate ferroelectric properties. The Knn/BnT film has dielectric constant of ~850 and remnant polarization of ~24 µc/cm 2 , comparable to those of PZT films reported in the literature. These properties indicate that this lead-free material may be attractive for piezoelectric device applications. Fig. 7(b) shows the measured pulseecho waveform and frequency spectrum of the Knn/ BnT thick film transducer. The center frequency of the composite transducer are 193 MHz, and the −6-dB bandwidth was 65 MHz (fractional bandwidth ~34%), which are in agreement with the modeled data. To measure the axial and lateral resolution of the transducer, a series of tungsten wires with a diameter of 6 µm was imaged and the result are presented in Fig. 8 . The measured −6-dB resolutions estimated from the point spread function of the target image (located 1.25 mm from the transducer) are 18 µm in the axial direction and 48 µm in the lateral direction. With this high spatial resolution, the composite transducer is capable of examining biological structures with resolution approaching several tens of micrometers. The results imply that this lead-free film is a promising material and may serve as an alternative to PZT films not only for high-frequency ultrasonic transducers but also for other micro-device applications.
IV. conclusions lead-free Knn/BnT films with a thickness of ~5 µm have been successfully fabricated on a platinum-buffered si substrate using a modified 0-3 composite sol-gel method. By optimizing the annealing temperature, the Knn/ 253 lau et al.: Knn/BnT composite lead-free films for high-frequency applications BnT film exhibits good dielectric and ferroelectric properties with dielectric constant of ~850 and remnant polarization of ~24 µc/cm 2 . Using this Knn/BnT film as the active element, a 193-MHz high-frequency ultrasonic transducer with good spatial resolution has been demonstrated. Experimental results imply that this lead-free film is a promising candidate as an alternative to PZT films for piezoelectric device applications.
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